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Measurements of the CKM Angle β/φ1 at B Factories
C. H. Cheng for the BABAR and Belle collaborations
California Institute of Technology, Pasadena, California 91125, USA
We present a review of the measurements of the CKM angle β (φ1) by the BABAR and Belle experiments at the
asymmetric-energy e+e− B Factories PEP-II and KEKB. The angle β (φ1) is measured by time-dependent
CP analyses of neutral B meson decays in a Υ (4S) → BB system, where one B meson is fully reconstructed
in a final state that can be accessed to by both B0 and B0, usually a CP eigenstate. This angle has been
measured at a high precision through B0 → (cc)K0 channels. We also review another tree-dominated decay
B0 → D(∗)0h0 (h0 = pi0, η(′), ω); tree decays with penguin pollutions, B0 → D(∗)±D∓ and J/ψpi0; and
penguin dominated modes, B0 → η′K0, K+K−K0, and K0SK
0
SK
0
S. A hint of sin 2β (sin 2φ1) in charmless
modes less than (cc)K0 modes still persists, which may be an indication of possible new physics entering the
loop in the penguin diagram.
1. Introduction
Measurements of time-dependent CP asymmetries
in B0 meson decays, through the interference between
decays with and without B0-B0 mixing, have provided
stringent tests on the mechanism of CP violation in
the standard model (SM). The time-dependent CP
asymmetry amplitude equals to sin 2β 1 in the SM if
the B meson decays to a final states that can be ac-
cessed to by both B0 and B0 without non-trivial rela-
tive weak phase. The angle β = arg(VcdV
∗
cb/VtdV
∗
tb) is
a phase in the Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix [1]. The phase difference, 2β, be-
tween decays with and without B0-B0 mixing, arises
through the box diagrams in B0-B0 mixing, which are
dominated by the diagrams with virtual top quark.
In this paper we present a review of recent mea-
surements of β at BABAR and Belle experiments at
the asymmetric-energy e+e− B Factories PEP-II and
KEKB, including precision measurements using B0 →
(cc)K0 decays, new decay modes with tree diagram,
B0 → D(∗)0h0 (h0 = π0, η(′), ω), tree decays with
penguin pollutions, B0 → D(∗)±D∓ and J/ψπ0, and
penguin dominated modes, B0 → η′K0, K+K−K0,
and K0
S
K0
S
K0
S
. We also present the measurements
that resolve the two-fold ambiguity in 2β. Finally
we present the comparison between the latest sin 2β
measurements of (cc)K0 modes and charmless modes.
At the time of the writing of this paper, Belle and
BABAR have collected more than 700 fb−1 and 400 fb−1
of data, respectively, which correspond to more than
1.1 billion Υ (4S) → BB decays. Most results shown
here are based on 535× 106 (383× 106) BB pairs of
data for Belle (BABAR) experiment.
1BABAR and Belle collaborations use different conventions to
label the three CKM angles. Here we adopt the BABAR conven-
tion of β, α and γ, rather than Belle’s φ1 = β, φ2 = α, and
φ3 = γ.
2. Time-Dependent CP Asymmetry
To measure time-dependent CP asymmetries, we
typically fully reconstruct a neutral B meson decay-
ing into a CP eigenstate. From the remaining particles
in the event, the vertex of the other B meson, Btag,
is reconstructed and its flavor is identified (tagged).
The proper decay time difference ∆t = tCP − ttag,
between the signal B (tCP ) and Btag (ttag) is deter-
mined from the measured distance between the two B
decay vertices projected onto the boost axis and the
boost (βγ = 0.56 at PEP-II and 0.43 at KEKB) of
the center-of-mass (c.m.) system. The ∆t distribu-
tion, assuming CP conservation in B0-B0 mixing and
∆Γ/Γ = 0, is given by:
F±(∆t) =
Γe−Γ|∆t|
4
[1∓∆w± (1)
(1 − 2w)(ηfS sin(∆m∆t)− C cos(∆m∆t))] ,
where the upper (lower) sign is for events with Btag
being identified as a B0 (B0), ηf is the CP eigenvalue
of the final state, ∆m is the B0-B0 mixing frequency,
Γ is the mean decay rate of the neutral B meson, the
mistag parameter w is the probability of incorrectly
identifying the flavor of Btag, and ∆w is the differ-
ence of w for B0 and B0. In the SM, the parame-
ters S = Imλ/(1 + |λ|) and C = (1 − |λ|)/(1 + |λ|),
where λ = q
p
Af
Af
, and Af (Af ) is the amplitude of B
0
(B0) decaying to the CP final state f . In the SM,
if only one diagram contributes to the decay process,
S = − sin 2β and C = 0. A non-zero value of C would
indicate direct CP violation.
Because there can be other diagrams with a differ-
ent weak phase, the experimental result of S does not
necessarily equal to − sin 2β. To separate the mea-
sured value from the standard model sin 2β, we denote
the measured one sin 2βeff .
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3. B0 → (cc)K0
The CP violation in neutral B meson system was
first established experimentally by BABAR and Belle
in 2001 using B decays to a charmonium (cc) and
a neutral K meson [2]. These modes are domi-
nated by a color-suppressed b → ccs tree diagram.
The dominant penguin diagram has the same weak
phase. The term that has a different weak phase is a
penguin contribution that is Cabibbo suppressed by
O(sin2 θCabibbo). Therefore, to a good accuracy, the
parameters S = − sin 2β and C = 0. Recent theoreti-
cal calculations suggest that the correction on S is in
the order of 10−3–10−4 [3].
These modes have relatively large (O(10−4–10−5)).
branching fractions and have low experimental back-
grounds and high reconstruction efficiencies. For the
mode B0 → J/ψ(ℓ+ℓ−)K0
S
(π+π−), the signal purity
is typically greater than 95%.
From 535×106 BB pairs, Belle reconstructs approx-
imately 7500 B0 → J/ψK0
S
and 6500 J/ψK0
L
signal
events, with J/ψ → ℓ+ℓ− (ℓ = e , µ) and K0
S
→ π+π−
or π0π0, and measures sin 2βeff = +0.642 ± 0.031 ±
0.017 and C = −0.018± 0.021± 0.014 [4].
BABAR uses many other modes in addition to
J/ψK0
S
and J/ψK0
L
, including ψ(2S)K0
S
, χc1K
0
S
, ηcK
0
S
and J/ψK∗0(K0
S
π0). BABAR reconstructs approxi-
mately 6900 CP -odd signal events and 3700 CP -even
signal events from 383 × 106 BB pairs, and ob-
tains sin 2βeff = +0.714 ± 0.032 ± 0.018 and C =
+0.049 ± 0.022 ± 0.017 [5]. In addition, BABAR also
performs measurements, including systematic uncer-
tainties, using individual mode, because the theoret-
ical corrections could in principle be different among
those modes. BABAR also reports the result using the
same decay modes as used by Belle in order to provide
a direct comparison. The two experiments agree well
within the uncertainty.
The averages, calculated by the Heavy Flavor Aver-
aging Group (HFAG) [6], are sin 2βeff = +0.678± 0.026
and C = +0.012±0.020. The uncertainty on sin 2βeff is
4%, or approximately 1◦ on β. Because of the high ex-
perimental precision and low theoretical uncertainty,
the result from these modes serves as a benchmark
in the SM; any other measurements of sin 2β that
have a significant deviation from it, beyond the usu-
ally small SM corrections, would indicate evidence for
new physics.
4. B0 → D(∗)±D(∗)∓
The decay B0 → D(∗)±D(∗)∓ is dominated by a
color-allowed Cabibbo-suppressed b → ccd tree dia-
gram. The penguin diagram in the SM has a different
weak phase and is expected to contribute few percent
correction [7] to CP asymmetry. A large deviation
in sin 2βeff from that in B
0 → (cc)K0 would indicate
possible new physics contribution to the loop in the
penguin diagram.
The final state D+D− is a CP eigenstate so S =
− sin 2β and C = 0 in the SM when neglecting the
penguin contribution. The final state D∗±D∗∓ is
a mixture of CP even and CP odd states. An an-
gular analysis is needed to disentangle the contri-
butions from different CP states. The final state
D∗±D∓ is not a CP eigenstate. The decay am-
plitudes can have a strong phase difference δ, i.e.,
A(B0 → D∗+D−)/A(B0 → D∗−D+) = Reiδ. As
a result, the S and C parameters, (+ for D∗+D− and
− for D∗−D+) are S± = 2R sin(2βeff ± δ)/(1 + R
2),
and C± = ±(R
2 − 1)/(R2 + 1), assuming there is no
direct CP violation.
Belle collaboration recently reports evidence for a
large direct CP violation in D+D− channel using a
data sample of 535 × 106 BB pairs. They measure
S = −1.13±0.37±0.09 and C = −0.91±0.23±0.06 [8].
The CP conservation, S = C = 0, is excluded at 4.1σ
level and C = 0 is excluded at 3.2σ. However, such a
large direct CP violation has not been observed in pre-
vious measurements with B0 → D(∗)±D(∗)∓ decays,
involving the same quark-level weak decay [9–12].
BABAR also uses the same decay modes and measures
S = −0.54±0.34±0.06 and C = 0.11±0.22±0.07 [13],
which is consistent with the SM with small penguin
contributions. Figure 1 shows the ∆t distributions for
B0-tagged and B0-tagged events separately. For the
result from Belle, the plots show clear difference be-
tween the yields of B0-tagged and B0-tagged events.
The consistency of these two results are quite low
(χ2/dof = 12/2, or C.L.=0.003, corresponding to 3σ).
Figure 2 shows the comparison by HFAG.
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Figure 1: ∆t distributions of B0 → D+D− from (a,b)
Belle experiment and (c,d) BABAR experiment. Plots (a)
and (c) are for B0-tagged events and (b) and (d) are for
B0-tagged events.
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Figure 2: The comparison between Belle’s and BABAR’s
B0 → D+D− results.
BABAR also reports an updated measurement of
B0 → D∗±D∓ [13]. The result is CD∗+D− = 0.18 ±
0.15±0.04, SD∗+D− = −0.79±0.21±0.06, CD∗−D+ =
0.23±0.15±0.04, and SD∗−D+ = −0.44±0.22±0.06.
It is also illustrative to express the parameters C
and S in a slightly different parameterization [14]:
CD∗D = (CD∗+D− +CD∗−D+)/2, ∆CD∗D = (CD∗+D− −
CD∗−D+)/2, SD∗D = (SD∗+D− + SD∗−D+)/2 and
∆SD∗D = (SD∗+D− − SD∗−D+)/2. The quantities
CD∗D and SD∗D parameterize flavor-dependent di-
rect CP violation, and mixing-induced CP violation
related to the angle β, respectively. The parame-
ters ∆CD∗D and ∆SD∗D are insensitive to CP vi-
olation. ∆CD∗D describes the asymmetry between
the rates Γ(B0 → D∗+D−) + Γ(B0 → D∗−D+) and
Γ(B0 → D∗−D+) + Γ(B0 → D∗+D−), while ∆SD∗D
is related to the strong phase difference, δ. BABAR
reports
CD∗D = 0.21± 0.11± 0.03
SD∗D = −0.62± 0.15± 0.04
∆CD∗D = −0.02± 0.11± 0.03
∆SD∗D = −0.17± 0.15± 0.04 . (2)
The parameter SD∗D =
2R
1+R2 cos δ sin 2βeff in the SM.
BABAR finds that it is non-zero at approximately 4σ
level, which indicates sin 2βeff 6= 0 at the same signif-
icance in these modes.
5. B0 → J/ψpi0
The B0 → J/ψπ0 decay has the same quark level
diagrams as J/ψK0 except that the s quark in b→ ccs
is substituted by a d quark. Therefore, the dominant
tree diagram is Cabibbo suppressed compared to that
of J/ψK0. However, unlike J/ψK0, the dominant
penguin diagram in J/ψπ0, whose CKM element fac-
tor is in the same order as the tree, has a different
weak phase from the tree. Therefore the deviation
in sin 2βeff from that of J/ψK
0 could be substan-
tial. This mode is also useful to constrain the penguin
pollution in B0 → (cc)K0 mode in a more model-
independent way (assuming SU(3) symmetry) [15].
Neither BABAR nor Belle updated their results since
2005. The current results are sin 2βeff = −0.72±0.42±
0.09 and C = 0.01 ± 0.29 ± 0.03 using 152 × 106 BB
pairs in Belle [16] and sin 2βeff = −0.68± 0.30± 0.04
and C = −0.21± 0.26± 0.06 using 232× 106 BB pairs
in BABAR [17].
6. B0 → D(∗)0h0 (h0 = pi0, η(′), ω)
6.1. sin 2βeff measurement using D0
decays to CP eigenstates
The decay B0 → D(∗)0h0 (h0 = π0, η(′), ω) is dom-
inated by a color-suppressed b → cud tree diagram.
The final state is a CP eigenstate if the neutral D me-
son also decays to a CP eigenstate, and therefore Eq. 1
applies. This mode is free of penguin diagrams. The
next diagram is also a color-suppressed tree diagram,
b → ucd, which is doubly Cabibbo suppressed. The
SM correction on sin 2βeff is believed to be a few per-
cent [18]. Because it has no penguin contributions,
the “usual” new physics that only enters the loops
through unobserved heavy virtual particles would not
affect these decays, other than that they can still affect
the box diagrams in B0-B0 mixing. However, more
exotic new physics models such as R-parity-violating
supersymmetry [18] could enter at tree level in these
decays (Fig. 3).
λ
′′
ubs
s˜R
λ
′′
cds
b
d
c
u
Figure 3: R-parity-violating supersymmetry diagram that
could contribute to B0 → D(∗)0h0 decays.
BABAR recently reports a measurement of sin 2βeff
using D(∗)0π0 with D0 → K+K−, K0
S
ω, and
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D(∗)0η with D0 → K+K−, and D0ω with D0 →
K+K−, K0
S
ω, K0
S
π0. The D∗0 is reconstructed from
D∗0 → D0π0, when applicable. BABAR uses 383× 106
BB pairs and obtains sin 2βeff = 0.56 ± 0.23 ± 0.05
and C = −0.23± 0.16± 0.04 [19]. This result is 2.3σ
away from CP conservation.
6.2. Resolve ambiguity using
D0 → K0
S
pi+pi−
The B0 mixing phase 2β has a two-fold ambiguity
from sin 2β measurement, 2β and π − 2β (or equiva-
lently β has a four-fold ambiguity, β, π/2− β, π + β,
and 3π/2 − β). The ambiguity can be resolved by
studying decay modes that involve multi-body final
states, where the known variation of the strong phase
differences across the phase space allows one to access
cos 2β in addition to sin 2β. To resolve the ambiguity,
one only need to know the sign of cos 2β.
Both Belle and BABAR have performed a time-
dependent D → K0
S
π+π− Dalitz plot analysis in the
decay B0 → D(∗)[K0
S
π+π−]h0 [20] to measure cos 2β
(and sin 2β). The decay rate of the B meson, accom-
panied by a B0 (+ sign) or B0 (− sign) is proportional
to
P± =
e−Γ∆t
2
|AB |
2 ·
[
(|AD|
2 + |λ|2|AD|
2)
∓ (|AD|
2 − |λ|2|AD|
2) cos(∆m∆t) (3)
± 2|λ|ξh0(−1)
LIm(e−2iβADA
∗
D
) sin(∆m∆t)
]
,
where AB is the B decay amplitude, and AD (AD)
is the decay amplitude of D0 (D0) and is a function
of the Dalitz plot variables (m2
K0
S
pi+
,m2
K0
S
pi−
), which
is determined from large data samples of e+e− →
XD∗+, D∗+ → D0π+ events. The factor ξh0 is the CP
eigenvalue of h0, and (−1)L is the angular momentum
factor. In the last term of Eq. 3 we can rewrite
Im(e−2iβADA
∗
D
) = Im(ADA
∗
D
) cos 2β
− Re(ADA
∗
D
) sin 2β , (4)
and treat cos 2β and sin 2β as independent parameters
in the analyses.
Belle obtains cos 2β = 1.87+0.40+0.22−0.53−0.32 and sin 2β =
0.78±0.44±0.22, and determines cos 2β > 0 at 98.3%
confidence level [21]. BABAR measures cos 2β = 0.54±
0.54±0.08±0.18 and sin 2β = 0.45±0.36±0.05±0.07,
where the last errors are due to Dalitz model un-
certainty, and determines cos 2β > 0 at 87% confi-
dence [22]. Another mode (B0 → K+K−K0) can
also be used to resolve this ambiguity. We will discuss
it later in Sec. 7.2.
7. sin 2βeff in b→ s penguin dominated
modes
In the measurement of sin 2β, different charmless
modes have different standard model corrections and
uncertainties coming from, e.g., Cabibbo-suppressed
trees, final state interaction long distance effect, etc.
Several theoretical calculations predict the corrections
and uncertainties are in the order of 1 to 10 per-
cent [23–25].
These charmless b → sqq penguin modes are more
sensitive to new physics that enters the loops because
the new physics does not have to compete with the SM
tree processes. In this section we present several no-
table sin 2β measurements in charmless B decays and
compare the current results with the high precision
B → (cc)K0 mode.
7.1. B0 → η′ K0
This mode is the most precisely measured penguin
mode in the B Factories. It also has one of the small-
est theoretical corrections and uncertainties. There-
fore it is arguably the best penguin mode for searches
of new physics that could affect sin 2β. Both BABAR
and Belle published their observations of CP asymme-
try in this mode this year with more than 5σ signifi-
cance. This is the first time CP violation is observed in
penguin modes with such a large significance. BABAR
uses 383×106 BB pairs (∼ 1050 η′K0
S
and ∼ 250 η′K0
L
signal events) and measure sin 2βeff = 0.58±0.10±0.03
and C = −0.16± 0.07± 0.03 [26]. Belle uses 535× 106
BB pairs (∼ 1420 η′K0
S
and ∼ 450 η′K0
L
signal
events) and measure sin 2βeff = 0.64± 0.10± 0.04 and
C = 0.01 ± 0.07 ± 0.05 [4]. The ∆t distributions and
asymmetries are shown in Fig. 4.
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Figure 4: The ∆t distributions and asymmetries in η′K0
mode for (a) BABAR (only η′K0S is shown) and (b) Belle.
7.2. B0 → K+K−K0 and φK0
The total branching fraction of the three-body
B0 → K+K−K0 decay is relatively large, about
six times the dominant resonance φ(→ K+K−)K0.
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The final state is a mixture of CP even and CP
odd states, depending on the spins of the resonances.
BABAR [27] reconstructs about 1000 K+K−K0
S
and
500 K+K−K0
L
signal events from 347×106 BB pairs,
and performs a time-dependent Dalitz plot analysis
to extract the CP asymmetry parameter and Dalitz
plot model parameters simultaneously. The proba-
bility function of the B meson decay rate is simi-
lar to Eq. 3. Here BABAR chooses to extract β di-
rectly, rather than to fit for cos 2β and sin 2β. BABAR’s
Dalitz model includes φ(1020), f0(980), X0(1500) [28],
χc0, and non-resonance terms. Using the whole
phase space, BABAR obtains βeff = 0.361 ± 0.079 ±
0.037, which corresponds to sin 2βeff = 0.66 ± 0.12 ±
0.05. BABAR also fits for the region with mK+K− <
1.1GeV/c2 and obtains βeff(φK
0) = 0.06±0.16±0.05,
and βeff(f0K
0) = 0.18 ± 0.19 ± 0.04, which corre-
spond to sin 2βeff(φK
0) = 0.12 ± 0.31 ± 0.10 and
sin 2βeff(f0K
0) = 0.35± 0.35± 0.08.
Since the angle βeff is extracted directly, the (2β,
π − 2β) ambiguity can be resolved. BABAR scans the
angle βeff and finds the change in the log likelihood
from the best solution (near 21◦) to the second solu-
tion (near 69◦) corresponds to 4.5σ statistical signifi-
cance, and thus rules out the second solution.
Belle does not perform the time-dependent Dalitz
analysis. It uses a quasi-two-body approach for φK0,
and combines all resonances in K+K−K0, excluding
φK0. Using 535×106 BB pairs, Belle obtains 420 φK0
signal events, and sin 2βeff = 0.50±0.21±0.06 and C =
−0.07±0.15±0.05 [4]. For B0 → K+K−K0, Belle re-
constructs 840 signal events and measures sin 2βeff =
0.68± 0.15± 0.03+0.21−0.13 and C = 0.09± 0.10± 0.05 [29].
The last uncertainty in sin 2βeff is due to the limited
knowledge of the CP content in B0 → K+K−K0,
which are determined from the branching fractions of
B+ → K+K0
S
K0
S
and B0 → K+K−K0 using isospin
relations. This uncertainty does not exist in BABAR’s
measurement because of the full Dalitz analysis.
7.3. B0 → K0
S
K0
S
K0
S
The decay B0 → K0
S
K0
S
K0
S
is a pure CP -even
state [30], therefore a Dalitz analysis is not neces-
sary. Belle uses 535 × 106 BB pairs and obtains
sin 2βeff = 0.30 ± 0.32 ± 0.08 and C = −0.31 ±
0.20 ± 0.07 [4]. BABAR uses 383 × 106 BB pairs
and determines sin 2βeff = 0.71 ± 0.24 ± 0.04 and
C = 0.02± 0.21± 0.05 [31].
8. Conclusion
The measurement of sin 2β is a rich program at
the B Factories. A total of more than 900 mil-
lion Υ (4S) → BB pairs have been analyzed and
the B Factories have achieved a precision of 4%
in sin 2β measurement, sin 2β = 0.678 ± 0.026, us-
ing B0 → (cc)K0 decays. By studying the time-
dependent evolution in multibody final states, such
as B0 → D0[K0
S
π+π−]h0 and B0 → K+K−K0 (and
B0 → J/ψK∗0(K0
S
π0) [32, 33], not discussed here),
the ambiguity in β is resolved and we are confi-
dent that β = (21.3 ± 1.0)◦ (in [0, π]), rather than
(68.7± 1.0)◦.
Belle observes evidence for large direct CP asymme-
try in B0 → D+D− channel. However, it is not con-
firmed by BABAR, and none of the other D(∗±)D(∗∓)
modes, which have the same quark-level weak decays,
show large direct CP violation. More data are needed
to resolve this discrepancy.
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Figure 5: Results of sin 2βeff from selected b → s pen-
guin modes, compared to the world average, dominated
by B0 → (cc)K0 mode.
Penguin dominated modes are great channels for
probing physics beyond the standard model. Both
B Factories have observed a clear CP asymmetry in
B0 → η′K0 decays, and a great progress has been
made in many other penguin modes. Currently the
central values of sin 2βeff in most of the penguin modes
are smaller than that in (cc)K0 mode. See Fig. 5. The
naive average of penguin modes, ignoring the theo-
retical corrections and uncertainties, and the exper-
imental correlations among systematic uncertainties,
is approximately 2.5 standard deviations away from
(cc)K0 mode. This is a tantalizing hint of possible
new physics effect. However, it should not be taken
too seriously because of the aforementioned details we
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have ignored.
Both B Factories are expected to record more than
double the analyzed datasets before they finish the
data taking in the next year or two. We will be able
to constrain the standard model and physics beyond
the standard model much better, but it is unlikely
we will have a clear answer to whether new physics
has a significant effect in the CP asymmetry in the B
decays.
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